I. INTRODUCTION
The goal o f t h e ESCAR (Experimental zuperconducti n g A c c e l e r a t o r K i n g ) P r o j e c t was t o b u i l d r a p i d l y and operate a small, state-of-the-art, rapid-pulsing proton synchrotron using superconducting magnets. The magnetic f i e l d q u a l i t y and beam tube vacuum were t o be s u f f ic i e n t l y good t o p e r m i t o p e r a t i o n a s a s t o r a g e r i n g f o r h i g h c u r r e n t beams. The i n t e r a c t i n g systems aspects i n v o l v e d i n a complete cryogenic accelerator were f e l t t o be as c h a l l e n g i n g and important as the development of reproducible high-performance superconducting magnets.. Design work started i n 1974, and twelve bending magnets, h a l f of t h o s e r e q u i r e d f o r t h e f i n a l a c c e l e ra t o r , w e r e i n s t a l l e d a t t h e a c c e l e r a t o r s i t e i n November, 1977. The i n s t a l l e d magnets were operated i n a s e r i e s o f systems t e s t s between November, 1977 and June, 1978. These tests concluded the project, which has been r e s t r a i n e d by a v e r y l i m i t e d f u n d i n g r a t e .
F o r r e l a t e d i l l u s t r a t i o n s a n d i n f o r m a t i o n o n cryogenic aspects of the tests, see Paper CA-3 of t h i s Conference. The magnets, and ESCAR, have been described i n p r e v i o u s r e p o r t s : 1,2,3,4,5,6,7, and a comprehensive r e p o r t i s i n p r e p a r a t i o n . 8
DESIGN Design c r i t e r i a C o s t a n d t i m e r e s t r i c t i o n s d i c t a t e d
a small accele r a t o r w i t h t o o l o w a n e n e r g y f o r h i g h -e n e r g y p a r t i c l e physics experiments.
However, n o v e l l a t t i c e and tune arrangements were included i n t h e d e s i g n t o a l l o w maximum f l e x i b i 1 i t y f o r proposed accelerator physics experiments.
The design momentum o f 5 GeV/c r e q u i r e s a maximum f i e l d o f 4.6T i n each o f t h e 24 1-meter-long bending magnets. Thirty-two focusing magnets i n 8 groups o f 4 r e q u i r e a maximum g r a d i e n t o f 20T/m. The s t o r a g e r i n g c a p a b i l i t y d i c t a t e s a d i p o l e f i e l d u n i f o r m i t y o f b e t t e r than one part per thousand to a r a d i u s o f 5 cm w i t h i n t h e 7-cm-radius, cryogenic-temperature, high-vacuum bore tube. The minimum magnet r i s e t i m e o f 5 seconds corresponds t o a n a c c e l e r a t o r c y c l e r a t e o f 6 pulses per minute.
Design d e t a i l s o f d i p o l e b e n d i z g magnets
The superconductor selected for these magnets i s a 1 7 -s t r a n d R u t h e r f o r d -t y p e c a b l e o f 6 : l a s p e c t r a t i o . Each 0.020" diameter strands contains 2100 NbTi filaments, 6 microns i n diameter i n a c o p p e r m a t r i x , w i t h a t h i n c o a t i n g o f s i l v e r -t i n s o l d e r o n e a c h s t r a n d .
The conb i n a t i o n y i e l d s h i g h c u r r e n t c a p a c i t y , l o w p u l s e d -c u rr e n t h y s t e r e s i s l o s s e s , a n d l o w c o u p l i n g b e t w e e n s t r a n d s . The cable i s wrapped with overlapped Mylar tape and a p a r t i a l l y open barber pole wrapping of S-stage epoxy impregnated fiberglass tape.
The c o i l , when wound and baked, i s t h u s i n s u l a t e d , p e r m e a b l e t o l i q u i d h e l i u m , a n d m o d e r a t e l y r i g i d . The c o i l ends a r e q u i t e compact t o s a t i s f y s i m u l t a n e o u s l y t h e a l l o t e d r a c b a n i c a l l e n g t h c o n s t r a i n t and the magnetic length requirement. The compact end geometry r e s u l t s i n a m a g n e t i c -f i e l d maximum a t t h e c o n d u c t o r i n t h e ends. A l l a c t i v e c o i l t u r n s a r e c o n n e c t e d i n series, with soldered splices between coil windings made a t t h e ends', where t h e f i e l d i s l o w .
The beginning and t h e end o f t h e c o i l w i n d i n g emerge a t o p p o s i t e ends, w i t h a s t r a i g h t -t h r o u g h c o n d u c t o r f o r r e t u r n c u r r e n t on the midplane, thus making the coil connections accessible from both ends f o r magnet i n t e r c h a n g e a b i l i t y .
The c y l i n d r i c a l c o i l w i n d i n g s a r e s u p p o r t e d o n a stainless-steel-lined epoxy-fiberglass bore tube. Radial and l o n g i t u d i n a l r e s t r a i n t o f t h e c o i l i s p r ovided by a system o f e x t e r n a l a1uminum:alloy r i n g s and l o n g i t u d i n a l t i e r o d s .
The surrounding helium vessel i s e c c e n t r i c t o t h e c o i l assembly t o p r o v i d e maximum f l o w a r e a a t t h e t o p w i t h minimum l i q u i d volume. A m u l t i l a y e r -i n s u l a t e d l i q u i d -n i t r o g e n -c o o l e d s h i e l d surrounds the helium vessel and is, i n t u r n , s u r r o u n d e d by t h e vacuum vessel, The helium vessel i s r i g i d l y supported from the vacuum vessel end flanges by a system o f seven short, epoxy-fiberglass compression s t r u t s i n c o r p o r a t i n g s t r a i n -g a u g e l o a d s e n s o r s .
The c r y o s t a t i s r i g i d l y a t t a c h e d t o t h e i r o n r e t u r n
yoke, which supports and l o c a t e s t h e e n t i r e assembly. The c o i l w i n d i n g , magnet and c r y o s t a t assembly, testing, and most o f t h e p a r t s f a b r i c a t i o n were done by LBL personnel.
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TESTS T e s t p r o c e d u r e s f o r i n d i v i d u a l d i p o l e m a g n e t s The t e s t s o f each production magnet, mounted i n i t s h o r i z o n t a l c r y o s t a t and i r o n yoke, included measurements o f t h e f o l l o w i n g :
A t room temperature:
Magnetic f i e l d q u a l i t y . Response t o p u l s e v o l t a g e , up t o 300 V.
During cooldown: C o i l r e s i s t a n c e . Magnetic f i e l d q u a l i t y . Cryogenic behavior, especially the helium v e s s e l s u p p o r t s t r u t s .
I n t h e s u p e r c o n d u c t i n g s t a t e : T r a i n i n g and quench behavior. E f f e c t o f c u r r e n t r a m p -r a t e and pulse frequency on heat generation, quench current, and recovery time. u s i n g t h e s t r u t l o a d c e l l s .
l e v e l s b o t h b e f o r e t h e f i r s t quench and a t i n t e r v a l s d u r i n g t r a i n i n g . C o m b i n a t i o n s o f c o i l s o n a r o t a t i n g l o n g c o i l assembly, i n t h e c o l d b o r e , d e t e r m i n e d i p o l e f i e l d i n t eg r a l s and o r i e n t a t i o n and a l l harmonics t o t h e f o u r t e e n t h , b o t h t h r o u g h t h e c e n t r a l region and through the ends o f t h e magnet, t o D i p o l e f i e l d d i r e c t i o n and alignment to ex-C e n t e r i n g o f t h e c o i l w i t h i n t h e i r o n yoke,
Magnetic f i e l d q u a l i t y a t v a r i o u s c u r r e n t 4.
3.
3.
.
2. an accuracy o f 1 p a r t i n 10 of t h e d i p o l e f i e l d .
R e s u l t s o f t e s t s o f i n d i v i d u a l magnets
The magnetic f i e l d u n i f o r m i t i e s shown by a l l magnets was w i t h i n t h e s p e c i f i e d r a n g e , s h o w i n g t h a t a l l bundles o f c o n d u c t o r s w e r e h e l d w i t h i n 0.1 mm o f d e s i g n p o s i t i o n s .
( F i g . 1 ) Magnets were d e l i v e r e d f r o m t h e shop w i t h l e s s t h a n 0 . 3 mm e c c e n t r i c i t y w i t h r e s p e c t t o t h e i r o n yoke; t h i s was detected and eleminated using the strain-gauge-instrumented support studs.
D u r i n g t r a i n i n g t h e s e x t u p o l e magnetic f i e l d component changed, i n d i c a t i n g c o i l movement. (Fig.3) A 
t h e f i r s t few magnets, shims were i n s e r t e d o n t h e h o r i z o n t a l m i d p l a n e t o b i a s t h e i n i t i a l s e x t u p o l e comp o n e n t o p p o s i t e t o t h e change i n i t caused by c o i l
movement. D u r i n g e a r l y o p t i m i z a t i o n o f e n e r g y e x t r a c t i o n s , A f t e r c o i l movement was i n f e r r e d f r o m t h e t e s t s o f
t i o n Magnets T e s t s o f magnets i n quadrant assemblies The twelve completed dipoles were a1 igned on s u p p o r t g i r d e r s and j o i n e d t o form t w o ESCAR r i n g quadr a n t s a t t h e s i t e .
A l l magnets formed one s e r i e s c r y og e n i c h e l i u m c i r c u i t . E l e c t r i c a l l y , e a c h g r o u p o f s i x d i p o l e s was connected i n s e r i e s , on one power supply. Three current leads were provided, the center-tap connection permitting energy extraction from whichever three-magnet group contained the normal-going magnet.
I n a d d i t i o n t o normal c o n t r o l and monitoring prov i s i o n s , i n s t r u m e n t a t i o n p e c u l i a r t o t h i s s u p e r c o n d u ct i n g system was p r o v i d e d , i n c l u d i n g :
Magnet voltage taps to monitor temperature during cool-down and warm-up. L i q u i d h e l i u m l e v e l gauges i n magnets.
B -d o t c o i l s f o r quench d e t e c t i o n . Helium gas flow meters for vapor-cooled current
Helium system pressure gauges. I n s u l a t i n g vacuum i n s t r u m e n t a t i o n and i n t e r l o c k s . Bore-tube ultra-high vacuum i n s t r u m e n t a t i o n .
The planned test'sequence was to conduct cryogenic 1 eads .
experiments on one quadrant, then on b o t h t o g e t h e r , f o l l o w e d b y e l e c t r i c a l t e s t s i n t h e same sequence. C r y o g e n i c t e s t s a r e b r i e f l y n o t e d b e l o w .
They a r e more f u l l y r e p o r t e d i n paper CA-3 a t t h i s conference.7
One-quadrant cryogenic tests.
When cryogenic preparations were completed, we cooled down t h i s q u a d r a n t and f i l l e d t h e magnets w i t h l i q u i d h e l i u m .
These t e s t s were extremely successful a1 though there was a he1 ium-toinsulating-vacuum leak. Special leak detection procedures had t o be developed t o f i n d t h i s l e a k i n a helium-saturated system. F i r s t q u a d r a n t e l e c t r i c a l t e s t s . I n t e s t i n g t h e e n e r g y e x t r a c t i o n c i r c u i t on t h e s i x s e r i e s -c o n n e c t e d d i p o i e s , e l e c t r i c a l breakdown t o ground occured a t s e v e r a l o f t h e v o l t a g e m o n i t o r w i r e s . A f t e r a l l t h e known damage was r e p a i r e d , t e s t s resumed. On t h e f i r s t c u r r e n t e x c i t a t i o n , t h e power supply was programmed t o ramp t o 100 amperes.
Due t o a f a u l t y c i r c u i t element, t h e c u r r e n t r o s e u n c o n t r o l l a b l y p a s t 1200 amperes and c o u l d n o t be t u r n e d o f f f r o m t h e c o n t r o l p a n e l . C u r r e n t leads on one o r more magnets burned through,and t h e c u r r e n t was t h u s e v e n t u a l l y i n t e r r u p t e d .
The r e s u l t i n g arcs burned holes i n t h e h e l i u m system, dumping t h e l i q u i d h e l i u m i n t o t h e i n s u l a t i n g vacuum space and t o the atmosphere through a spring-loaded safety cover plate. There was s u f f i c i e n t damage, e l e c t r i c a l and mechanical, to cause us to discocnect this six-magnet group completely and t o c o n t i n u e t e s t s o n l y w i t h t h e second quadrant.
Second q u a d r a n t e l e c t r i c a l t e s t s .
Guided by exp e r i e n c e f r o m t h e f i r s t q u a d r a n t t e s t , we improved the v o l t a g e h o l d o f f c a p a b i l i t y o f t h e second 6-magnetstring t o w i t h s t a n d 2 kV t o ground ( i n h e l i u m ) , and we reduced the voltage generated by the energy extraction to 700 V. The power supply responded properly i n a l l second-quadr a n t t e s t s . T h r e e magnets, i n s e r i e s , were powered as a group and the energy extracted from all three as a g r o u p . D u r i n g t e s t s o f -s i n g l e magnets, e x t r a c t i o n v o l t a g e s o f 500 V were developed.
The corresponding voltage for the three-magnet string would be 1500 V, so o u r breakdown l i m i t o f 700 V r e s u l t e d i n a s m a l l e r f r a c t i o n o f t h e t o t a l magnet energy deposited i n t h e As much as 275 k i l o j o u l e s was deposited i n t h e normaldump r e s i s t o r , a n d t h e magnet current decayed more slowly.
going magnet, which i s h i g h e r t h a n t h e e n e r g y s t o r e d i n any one magnet.
The t r a i n i n g p r o c e s s w i t h t h i s a r r a n g e m e n t was slow, probably due to the excessive energy being dumped i n one magnet on each quench.
One magnet e v e n t u a l l y developed a r e s i s t i v e c h a r a c t e r d u r i n g t h i s t r a i n i n g although i t had undergone more than 100 quenches d u r i n g i t s p r e v i o u s i n d i v i d u a l t r a i n i n g . T h i s e x p e r i e n c e s t r e s s e s t h e i m p o r t a n c e o f h a v i n g t h e i n i t i a l t e s t i n g and training cover the highest voltage and energy d e p o s i t i o n t o be expected under installed operating c o n d i t i o n s . when t r a i n e d as i n s t a l l e d b u t s e p a r a t e l y powered. The quadrant cooling system w i t h h i g h mass f l o w was q u i t e a d i f f e r e n t c r y o g e n i c environment from the quiet pool-boiling system used i n t h e i n d i v i d u a l magnet t e s t , b u t no evidence o f a l t e r e d magnet performance appeared.
A n o t h e r c l u e t o t h e t h e r m a l b e h a v i o r o f t h e s e magnets i s t h e r a m p -r a t e s e n s i t i v i t y d a t a o f F i g . 5 . I n t h e s i n g l e -p u l s e c u r v e s , t h e magnet i s a l l o w e d t o c o o l f o r a t l e a s t 3 minutes following a quench b e f o r e a r i s i n g c u r r e n t ramp d r i v e s t h e magnet normal again. I n t h e c o n t i n u o u s -p u l s i n g mode, we use a long s t r i n g o f t r i a n g u l a r c u r r e n t p u l s e s , between lOOA and a maximum current,which i s s l o w l y i n c r e a s e d u n t i l t h e magnet quenches. The magnet w i t h epcxy i n t h e c a b l e a p p a r e n t l y has p o o r e r h e a t t r a n s f e r p r o p e r t i e s , l e a d i n g t o a g r e a t e r s e n s i t i v i t y t o c u r r e n t r a t e -o f -r i s e .
CONCLUSIONS
The p r o d u c t i o n o f t w e l v e magnets i n sequence r e s u l t e d i n s u b s t a n t i a l l y i d e n t i c a l u n i t s w i t h l o w p r o d u c t f a i l u r e r a t e .
The helium-permeable c o i l s t r u c t u r e , w e l l v e n t i l a t e d f o r h i g h p u l s e r a t e , a l s o has l o w r i g i d i t y and c o n s e q u e n t l y r e q u i r e d t r a i n i n g . Absence o f massive cold iron was i n t h i s e x p e r i m e n t a worthwhile convenience.
When t h e magnets were s e r i e s connected and operated i n an a c c e l e r a t o r -t y p e c i r c u i t , v o l t a g e breakdown 1 i m i t a t i o n s r e d u c e d t h e e f f e c t i v eness o f t h e energy-removal system and caused some damages. A subsystem t e s t f o r f u t u r e a c c e l e r a t o r a p p l i c a t i o n s i s recommended. However, t h e r e was no e f f e c t f r o m the altered cryogenic environment, no quench-contagion between magnets, and the general lack o f e x o t i c problems stands aSan encouragement t o t h e a c c e l e r a t o r b u i l d e r . Ramp-Rate S e n s i t i v i t y ACKNOWLEDGEMENT S i g n i f i c a n t c o n t r i b u t i o n s t o t h i s work were made by the personnel o f t h e shops and other support groups. To acknowledge such c o n t r i b u t i o n s by i n c l u d i n g a l l t h e i r names h e r e , t h o u g h j u s t i f i a b l e , i s n o t p r a c t i c a l .
